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HPEULWWOHPHQW DQG LQFUHDVHG UHVLVWDQFH WRZHOGRYHUOD\GLVEDQGLQJZKLFKFDQEHWWHU VDWLVI\ WKHGHYHORSPHQW
GHPDQGRIPRGHUQK\GURJHQDWLRQUHDFWRUWRZDUGVKLJKHUSDUDPHWHUVODUJHUGLPHQVLRQVDQGOLJKWHUZHLJKW>@
8QIRUWXQDWHO\WKHDGGLWLRQRIVWURQJFDUELGHIRUPLQJHOHPHQWVVXFKDV9DQDGLXPDQG7LWDQLXPXVXDOO\UHVXOWV
LQ LQFUHDVLQJ UHKHDWFUDFNLQJVXVFHSWLELOLW\RIZHOGHG MRLQWVGXULQJ ,QWHUPHGLDWH6WUHVV5HOLHI WUHDWPHQW ,65





LQ WKH UHOLDELOLW\ GHVLJQ DQG IDEULFDWLRQ RI K\GURJHQDWLRQ UHDFWRUV 7R VROYH WKHVH SUREOHPV D ORW RI
LQYHVWLJDWLRQV RQ WKH UHKHDW FUDFNLQJ LQZHOGPHWDOZHUH FRQGXFWHG E\PDQ\ ODERUDWRULHV LQ(XURSH >@ ,Q
)HEUXDU\  D -RLQW ,QGXVWULDO 3URJUDP -,3 ZDV SURSRVHG WR GHYHORS D ZHOG PHWDOIOX[ VFUHHQLQJ WHVW
SURFHGXUH IRU UHKHDW FUDFNLQJ VXVFHSWLELOLW\ >@ ,Q0DUFK WKH VWDQGDUG FRQVWDQW VWUDLQ UDWH WHQVLOH WHVW
SURFHGXUHZDVHVWDEOLVKHGDQGLQFRUSRUDWHGLQ$PHULFDQ3HWUROHXP,QVWLWXWH$3,UHFRPPHQGHGSUDFWLFH³$3,
53$´DVDQHZDSSHQGL[>@
,Q WKH SDVW PRVW UHVHDUFKHV RQ UHKHDW FUDFNLQJ GHDOW ZLWK WKH EHKDYLRU RI WKH ZHOG PHWDO RI 9PRG
&U0RZHOGVDQGRQO\DIHZUHVHDUFKHUVKDYHLQYHVWLJDWHGWKHVXVFHSWLELOLW\WRUHKHDWFUDFNLQJRIZHOGLQJ
&*+$=>@ ,Q FKLQD<JURRYH FUDFNLQJ WHVWZHUH QRUPDOO\ XVHG E\ UHDFWRU IDEULFDWRUV WR DVVHVV UHKHDW
FUDFNLQJVXVFHSWLELOLW\RI&*+$=EXWWKHWHVWUHVXOWVLVVHOGRPFRQVLVWHQWZLWKWKHDFWXDOVLWXDWLRQ6KLQ\DHWDO

















7KH DFWXDO ZHOGLQJ &*+$= DOZD\V FRQVLVWV RI WKHVH IRXU ]RQHV 8QGHUVWDQGLQJ WKH GLIIHUHQFHV LQ
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7DEOH&KHPLFDOFRPSRVLWLRQRI9PRG&U0RIRUJHGPDWHULDO
& 6L 0Q 3 6 &U 0R 9 &X 7L 1E 1L )H
            %DO
2.2. CGHAZs simulation 
*OHHEOH WHQVLOH VSHFLPHQV VKRZQ LQ)LJ ZHUH LQLWLDOO\ VXEMHFWHG WR DZHOGLQJ WKHUPDO F\FOH RQ*OHHEOH




ZDV ćV WKH KROGLQJ WLPH DW SHDN WHPSHUDWXUH WS ZDV V DQG WKH SUHKHDW WHPSHUDWXUH ZDV ć
)ROORZLQJWKHILUVWWKHUPDOF\FOHWKHVHFRQGWKHUPDOF\FOHZLWKYDULRXVSHDNWHPSHUDWXUHVZDVVXSHULPSRVHG
,QRUGHU WRREWDLQGLIIHUHQW W\SHVRIGRXEOHF\FOH&*+$=V WKHFULWLFDO WUDQVIRUPDWLRQ WHPSHUDWXUHV$FDQG
$FXQGHUZHOGLQJFRQGLWLRQ IRU9PRG&U0RVWHHOZHUHGHWHUPLQHGDVVKRZQ LQ7DE7KHVHFRQG
SHDNWHPSHUDWXUHV7SIRUWKHYDULRXV&*+$=VVLPXODWLRQZHUHSUHVHQWLQ7DEćććDQG
ćZHUH VHOHFWHG IRU6&&*+$= ,&&*+$=6&5&*+$= DQG8$&*+$=VLPXODWLRQ UHVSHFWLYHO\
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7DEOH7KHFULWLFDOWUDQVIRUPDWLRQWHPSHUDWXUHVXQGHUZHOGLQJFRQGLWLRQIRU9PRG&U0RVWHHO>@
7KHUPDOF\FOHW\SH &*+$= &*+$=&*+$= &*+$=)*+$=
&ULWLFDOWUDQVWHPS
ć
$F $F $F $F $F $F





















 7KH UHGXFWLRQ RI DUHD 5R$ZDVPHDVXUHG DIWHU EUHDNLQJ RI WKH VSHFLPHQV XVLQJ D YHUQLHU FDOLSHU WR
DVVHVVWKHUHKHDWFUDFNLQJVXVFHSWLELOLW\RIWKHYDULRXV&*+$=V
2.4. Microstructural observation, hardness test and fractographic analysis 
,Q RUGHU WR LQYHVWLJDWH WKH HIIHFW RI VHFRQG WKHUPDO F\FOH RQ WKHPLFURVWUXFWXUH DQG KDUGQHVV RI&*+$=
FKDUDFWHUL]H WKHPLFURPRUSKRORJ\ RI UHKHDW FUDFNV WHQVLOH VSHFLPHQV ERWK EHIRUH DQG DIWHU 5+& WHVW ZHUH
VHFWLRQHG LQ KDOI DORQJ WKH ORQJLWXGLQDO GLUHFWLRQ DQG LQOD\HG LQ UHVLQ 7KH PHWDOORJUDSKLF VSHFLPHQ ZHUH
PHFKDQLFDOO\SROLVKHGDQGWKHQHWFKHGLQQLWDOVROXWLRQ7KHKDUGQHVVRIEDVHPHWDOVLPXODWHG&*+$=VDQG
IUDFWXUHG VSHFLPHQV WHVW SRVLWLRQV DZD\ IURP IUDFWXUH VXUIDFH RI PP ZDV WHVWHG RQ WKH PHWDOORJUDSKLF
VHFWLRQVE\DQ2/<0386'9.69LFNHUVKDUGQHVVWHVWHUXVLQJWKHORDGRINJI(YHU\VDPSOHZDVWHVWHGDW
SRLQWVDQGWKHDYHUDJHKDUGQHVVYDOXHZDVFDOFXODWHG
0RUHRYHU LQ RUGHU WR FRPSDUH WKH IDLOXUHPRGHV RI YDULRXV&*+$=V WKH IUDFWXUHPRUSKRORJ\ RI WHQVLOH
VSHFLPHQVZDV REVHUYHG DQG DQDO\]HG E\ D=(,666835$)LHOG(PLVVLRQ6FDQQLQJ(OHFWURQ0LFURVFRSH
)(6(0
5HVXOWVDQGDQDO\VLV
3.1. Microstructural characterization 
7KHRSWLFDOPLFURJUDSKVRIWKHYDULRXV&*+$=VDUHVKRZQLQ)LJ7SHTXDOLQJWRURRPWHPSHUDWXUH57
GHQRWHV WKHVLPXODWHGVLQJOHF\FOH&*+$=7KHPLFURVWUXFWXUHRI9PRG&U0REDVHPHWDO LV WHPSHUHG
JUDQXODUEDLQLWHZLWKWKHSULRUDXVWHQLWHJUDLQVL]HRIDERXWȝP7KHVLQJOHF\FOH&*+$=H[KLELWVWKHODWK
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OLNHEDLQLWHPLFURVWUXFWXUHZLWKGUDPDWLFDOO\FRDUVHQHGSULRUDXVWHQLWHJUDLQVVL]HRIDERXWȝPDQGVWUDLJKW
SULRUDXVWHQLWHJUDLQERXQGDULHV3$*%DVVKRZQLQ)LJD
8QGHU WKH FRQGLWLRQV RI 7S ć WKH VHFRQG SHDN WHPSHUDWXUH LV ORZHU WKDQ $F 7KLV ZLOO UHVXOW LQ
WHPSHULQJ RI WKH VLQJOHF\FOH &*+$= %XW RZLQJ WR WKH UDSLG KHDWLQJ DQG FRROLQJ GXULQJ ZHOGLQJ WKHUPDO
VLPXODWLRQ WKH PLFURVWUXFWXUH RI 6&&*+$= VWLOO NHHSV ODWKOLNH EDLQLWH PRUSKRORJ\ RI WKH VLQJOHF\FOH
&*+$=DVVKRZQLQ)LJE





DXVWHQLWHJUDLQV UHPDLQVEDLQLWHGXH WR LQDGHTXDWHGULYLQJ IRUFHV IRUSKDVH WUDQVIRUPDWLRQZKLFKH[SHULHQFHV
KLJK WHPSHUDWXUH WHPSHULQJ DW WKH LQWHUFULWLFDO UHJLRQ UHVXOWLQJ LQ WKH GLVDSSHDUDQFH RI ODWKOLNHPRUSKRORJ\
FKDUDFWHULVWLFWRVRPHH[WHQWDVVKRZQLQ)LJF












7S ćG,&&*+$=7S ćVKDOORZHWFKLQJH6&5&*+$=7S ćH8$&*+$=7S ć
3.2. Ductility and reheat cracking susceptibility 
)LJ  VXPPDUL]HV WKH UHKHDW FUDFNLQJ VXVFHSWLELOLW\ WHVW UHVXOWV RI WKH YDULRXV &*+$=V RI 9PRG
&U0R VWHHO ,W FDQ EH VHHQ WKDW WKH GXFWLOLW\ RI GRXEOHF\FOH &*+$=V DW ć ZLWK DOO VHFRQG SHDN
WHPSHUDWXUH ć ć ć ć H[KLELWV UHFRYHU\ LQ FRPSDULVRQ WR WKH VLQJOHF\FOH &*+$=
492   Y.C. Han et al. /  Procedia Engineering  130 ( 2015 )  487 – 496 





$FFRUGLQJ WR WKH SUHYLRXV UHVHDUFKHV >@ WKH FULWHULD DSSOLHG WR DVVHVV WKH GHJUHH RI UHKHDW FUDFNLQJ
VXVFHSWLELOLW\DUHJHQHUDOO\JLYHQ LQ WHUPVRI WKH5R$DVVRFLDWHGZLWKDVLPXODWHG&*+$=PLFURVWUXFWXUHDV


























VLQJOHF\FOH&*+$=7KLV FRXOG EH GXH WR WKH WHPSHU VRIWHQLQJ RI WKH FHQWHU RI SULRU DXVWHQLWH JUDLQV 7KH
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KDUGQHVV RI 6&&*+$= DQG 8$&*+$= LV  DQG  +9 UHVSHFWLYHO\ OLWWOH GLIIHUHQFH FRPSDUHG WR
VLQJOHF\FOH&*+$=
7KHKDUGQHVVRIDOO&*+$=VGHFUHDVHVDIWHU5+&WHVWDVVKRZQLQ7DE,WFDQEHQRWHGWKDWWKHGHJUHHRI
WHPSHU VRIWHQLQJ FDQ EH UDQNHG DV IROORZ 6&5&*+$=! ,&&*+$=!6&&*+$=!8$&*+$=! VLQJOH
F\FOH&*+$=8QGHUWKHVWDLQUDWHRIîVWKHSHUFHQWGHFUHDVHLQKDUGQHVVRI6&5&*+$=LVEXW
RQO\DQGDVVRFLDWHGZLWK VLQJOHF\FOH&*+$=DQG8$&*+$=)URP WKHGXFWLOLW\ DQGKDUGQHVV















6LQJOHF\FOH&*+$=     
6&&*+$=     
,&&*+$=     
6&5&*+$=     
8$&*+$=     




6&5&*+$=7S ćH8$&*+$=7S ćIVLQJOHF\FOH&*+$=7S 57
,QRUGHU WRXQGHUVWDQG WKH LQWULQVLF UHODWLRQVKLSEHWZHHQ WKHPLFURVWUXFWXUHKDUGQHVVDQGKLJK WHPSHUDWXUH




DQG WKH3$*%V DUH VWUDLJKW  ,Q6&5&*+$= )LJ F G WKH FUDFN WLSV DUH EOXQWHG DQG WKH3$*%V DUH
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]LJ]DJ,Q,&&*+$=)LJEWKHFUDFNZLGWKLVFRUUHVSRQGLQJWRWKHZLGWKRIWKHUHFU\VWDOOL]DWLRQ]RQH
DGMDFHQWWR3$*%DQGWKHPLFURFUDFNSURSDJDWLRQLVVHHPLQJO\EORFNHGE\WULSOHMXQFWLRQ









WUDQVJUDQXODU )LJ F DVVRFLDWHG ZLWK REYLRXVO\ LQFUHDVLQJ GLPSOH VL]H DQG D VLJQLILFDQW H[WHQW RI PLFUR
GXFWLOLW\)LJI7KHIUDFWXUHPRGHRI,&&*+$=LVDOVRPDLQO\LQWHUJUDQXODUEXWZLWKLQFUHDVLQJGLPSOHVL]H
LQFRPSDULVRQWRVLQJOHF\FOH&*+$=DVVKRZQLQ)LJE$PLFURGXFWLOLW\]RQHFDQEHREVHUYHGLQWKHWULSOH




6&&*+$= 7S ć H[KLELWV ORZHU GXFWLOLW\ DQG KLJKHU UHKHDW FUDFNLQJ VXVFHSWLELOLW\ DW VWUHVV UHOLHI
WHPSHUDWXUH WKHVH W\SHV RI PLFURVWUXFWXUHV ZLWK WKH VWUDLJKW SULRUDXVWHQLWH JUDLQ ERXQGDULHV DQG WKH ORZHU
GHJUHHRIWHPSHUVRIWHQLQJ&UDFNPRUSKRORJ\DQGIUDFWRJUDSKLFDQDO\VLVLQGLFDWHVWKDWWKHVHW\SHVRI&*+$=V
FDQRQO\XQGHUJRYHU\OLWWOHPLFURSODVWLFGHIRUPDWLRQEHIRUHUXSWXUH
+RZHYHU IRU WKH ,&&*+$=7S ćDQG6&5&*+$=7S ć WKHFUDFN WLSVDUHEOXQWHGDQG
WKHJUDLQERXQGDULHVGLPSOHVDUHELJJHUDVVRFLDWHGZLWKDVLJQLILFDQWLQFUHDVLQJGXFWLOLW\DQGPXFKOHVVUHKHDW
FUDFNLQJ VXVFHSWLELOLW\ 3UHYLRXV VWXGLHV KDYH VKRZQ WKDW ERWK WKH VWUHQJWKHQLQJ JUDLQ LQWHULRUV LQGXFHG E\
LQWUDJUDQXODU FDUELGHV SUHFLSLWDWLRQ DQG WKH ZHDNHQLQJ 3$*%V DUH WKH OHDGLQJ FDXVHV RI KLJK WHPSHUDWXUH
GXFWLOLW\ GHWHULRUDWLRQ LQ VLQJOHF\FOH &*+$= RI 9PRG &U0R VWHHO >@ ,Q ,&&*+$= ERWK WKH
LQLWLDWLRQ DQGSURSDJDWLRQRIPLFURFUDFNV FRXOG EH EORFNHGE\ WKH UHFU\VWDOOL]DWLRQ ]RQH DGMDFHQW WR3$*%V


















WKH VHFRQG ZHOGLQJ F\FOH REWDLQLQJ D PD[LPXP UDQJH RI ,&&*+$= DQG 6&5&*+$= FRXOG HIILFLHQWO\
UHGXFHWKHUHKHDWFUDFNLQJVXVFHSWLELOLW\RIWKHVLQJOHF\FOH&*+$=%DVHRQWKLVSRLQWWZRUHFRPPHQGDWLRQV
IRURSWLPL]DWLRQRIZHOGLQJSDUDPHWHUVFDQEHSURSRVHG
 ,QFUHDVH WKH FRHIILFLHQW RI ZHOG PRXOGLQJ ĳ ZLGWK RI ZHOG EHDG  ZHOG EHDG KHLJKW EHFDXVH RI
UHODWLYHO\WKLQDQGIODWZHOGEHDGFRXOGSURPRWHUHFU\VWDOOL]DWLRQLQ&*+$=GXULQJVXEVHTXHQWZHOGSDVV




,Q WKLV VWXG\ WKH LQIOXHQFH RI VHFRQG ZHOGLQJ WKHUPDO F\FOH ZLWK YDULRXV SHDN WHPSHUDWXUHV RQ WKH
PLFURVWUXFWXUH KLJK WHPSHUDWXUH GXFWLOLW\ DQG UHKHDW FUDFNLQJ VXVFHSWLELOLW\ RI WKH &*+$= LQ 9PRG





SULRUDXVWHQLWHJUDLQV LQ&*+$=ZKLFKUHVXOWHG LQDUHPDUNDEOHHOHYDWLRQRI WKHGXFWLOLW\DQGDVLJQLILFDQWO\
UHGXFWLRQRIWKHUHKHDWFUDFNLQJVXVFHSWLELOLW\






















>@ $3, 7HFKQLFDO 5HSRUW % )DEULFDWLRQ &RQVLGHUDWLRQV IRU 9DQDGLXP0RGLILHG &U0R 6WHHO +HDY\ :DOO 3UHVVXUH 9HVVHOV
$PHULFDQ3HWUROHXP,QVWLWXWH



























>@ +DQ <LFKXQ 6WXG\ RQ WKH 0HFKDQLVP RI 5HKHDW &UDFNLQJ LQ &U0R9 6WHHO 3K' 7KHVLV 8QLYHUVLW\ RI 6FLHQFH DQG
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